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The Association of Mitochondrial Potential and Copy Number with Pig 
Oocyte Maturation and Developmental Potential 
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Abstract. ATP is critical for oocyte maturation, fertilization, and subsequent embryo development. Both mitochondrial 
membrane potential and copy number expand during oocyte maturation. In order to differentiate the roles of mitochondrial 
metabolic activity and mtDNA copy number during oocyte maturation, we used two inhibitors, FCCP (carbonyl cyanide 
p-(tri-fluromethoxy)phenyl-hydrazone) and ddC (2'3-dideoxycytidine), to deplete the mitochondrial membrane potential 
(A(p^) and mitochondrial copy number, respectively. FCCP (2000 nM) reduced ATP production by affecting mitochondrial 
A(pj„, decreased the mRNA expression oiBmplS (bone morphogenetic protein 15), and shortened the poly(A) tails oiBmplS, 
Gdf9 (growth differentiation factor 9), and Cyclin Bl transcripts. FCCP (200 and 2000 nM) also affected p34'^'''^^ kinase 
activity. By contrast, ddC did not alter ATP production. Instead, ddC significantly decreased mtDNA copy number (P < 0.05). 
FCCP (200 and 2000 nM) also decreased extrusion of the first polar body, whereas ddC at all concentrations did not affect 
the ability of immature oocytes to reach metaphase II. Both FCCP (200 and 2000 nM) and ddC (200 and 2000 |iM) reduced 
parthenogenetic blastocyst formation compared with untreated oocytes. However, these inhibitors did not affect total cell 
number and apoptosis. These findings suggest that mitochondrial metabolic activity is critical for oocyte maturation and that 
both mitochondrial metabolic activity and replication contribute to the developmental competence of porcine oocytes. 
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Mitochondria are major powerhouses in all eukaryotic cells, 
producing ATP through oxidative phosphorylation and the 
citric acid cycle. An increase in ATP production is required during 
oocyte maturation, fertilization, and early embryo development in 
mammals [1,2]. Previous studies have also reported an association 
between mitochondrial DNA (mtDNA) copy number and oocyte 
quality during maturation [1,3]. For example, mtDNA copy number 
is an indicator of fertilization potential and oocyte maturation, and 
oocytes with a low mtDNA copy number have a significantly lower 
developmental potency [4, 5]. mtDNA copy number also increases 
during the in vitro maturation of porcine oocytes and after the treatment 
of oocytes with follicular fluids or EGF (epidemal growth factor), 
which likely affects the developmental potential of oocytes [6]. 

Mitochondrial membrane potential (Acp.^) is also critical for the 
production of ATP. During ooc5rte maturation, there is a significant 
increase in mitochondrial Acp^, [7], and in the absence of an increase, 
the developmental potential of oocytes decreases [8, 9]. In addition, 
a high mitochondrial Acp.^ in mouse and human oocytes and early 
preimplantation stage embryos is associated with ionic and metabolic 
regulation [10]. 

To date, few maternal genes in mammalian oocytes have been 
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characterized. Ainong these inaternal transcripts, C-mos, Cyclin Bl, 
Cdc2 (cell division cycle 2), Gdf9 (growth differentiation factor 9), 
and BmplS (bone inorphogenetic protein 15) are well-studied genes 
considered to be markers of female germ cells. One of the essential 
regulators of meiosis resumption is formed by Cyclin Bl and Cdc2 
kinase [1 1]. It has been reported that the dynamic change in levels of 
cyclin B 1 is mainly controlled by c5'toplasmic polyadenylation during 
mouse [12] and bovine [13] oocyte maturation. GDF9 and BMP 15 
belong to the transforming growth factor-|3 (TGF-|3) superfamily, which 
contains many members with important roles in regulating fertility 
[14]. GDF9 and BMP15 were recently identified as oocyte-secreted 
factors involved in folliculogenesis and oocyte maturation, as well 
as in cooperative regulation of granulosa cells [15]. 

Recently Ge et al. [16] reported a connection between mouse 
oocyte quality and both mitochondrial metabolic activity and DNA 
copy number, specifically with spindle formation, chromosomal 
aligninent, and einbryo development. However, the underlying mo- 
lecular inechanisin has not been addressed. In vitro maturation of 
pig oocytes is usefial in the study of the inolecular mechanisms that 
underlie ineiosis and fertilization as well as in the production of 
cloned and transgenic embryos and pigs [17-19]. While in vitro 
culture conditions and/or inicromanipulations such as enucleation 
and injection of DNA or spenn can affect mitochondrial activity in 
oocytes froin several species, this information is not available for 
porcine oocytes. 

To detemiine the effects of mitochondrial metabolic activity and 
mtDNA copy nuinber on oocyte inaturation and developinental 
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competence, we treated immature porcine oocytes with FCCP, 
wtiicli inhibited mitochondrial oxidative phosphorylation, and ddC 
(2'3-dideoxycytidine), which depleted mtDNA. The effects of these 
two inhibitors on oocyte dynamics were assessed by determining 
the mitochondrial Acp,^, mtDNA copy number, ATP concentration, 
target mRNA expression and poly(A) tail length of maternal genes. 
P24cdc2 jjjjjagg activity and mitogen-activated protein kinase (MAPK) 
phosphorylation were also investigated following FCCP and ddC 
treatment. To the best of our knowledge, this is the first report to 
address the relationship among mitochondrial A(f^^ and copy number, 
the in vitro maturation of porcine oocytes, and the developmental 
competence of embryos. 

Materials and Methods 

Oocyte collection and in vitro maturation 

Prepubertal porcine ovaries were obtained from a local slaugh- 
terhouse. Cumulus-oocyte complexes (COCs) were isolated and 
cultured in tissue culture medium 199 (TCM 199, Gibco, Grand 
Island, NY, USA) supplemented with 0.57 mM cysteine, 10 ng/ml 
EOF, 10 lU/ml PMSG, and 10 lU/ml hCG under light mineral oil 
at 38.5 C in 5% COj (v/v). Oocytes were treated with 20, 200, and 
2000 nM FCCP, or 20, 200, 500, 1000 and 2000 ^iM ddC. Control 
oocytes were untreated. Oocytes with a first polar body were collected 
after 44-48 h of in vitro maturation. 

Parthenogenic activation and culture of embryos 

Upon maturation, cumulus cells were removed by repeated 
pipetting in the presence of 1 mg/ml hyaluronidase for 2-3 min. 
Oocytes were parthenogenetically activated with calcium ionophore 
A23 1 87 (50 |iM) for 5 min, followed by incubation in PZM-5 medium 
[20, 21] containing 7.5 |ig/ml cytochalasin B (CB, Sigma-Aldrich, 
St. Louis, MO, USA) for 3 h. Embryos were cultured in PZM-5 
medium supplemented with 0.4% bovine serum albumin (BSA, 
w/v) under light mineral oil for 7 days at 38.5 C in 5% CO2 (v/v) 
and then harvested. 

Mitochondrial copy number analysis 

Total DNA was isolated from 10 oocytes according to the manu- 
facturer's instructions provided in the Puregene DNA Isolation Kit 
(Invitrogen, Carlsbad, CA, USA). Oocyte DNA samples were then 
used for real-time polymerase chain reaction (PCR) experiments. 
Twenty-microliter PCR reactions were set up with final concentra- 
tions of 1 X buffer containing 4 mM/1 MgCl2, 0.2 mM/1 dNTPs, 
0.5 mM/1 of each primer, SYBR Green I dye and 0.25 U Taq DNA 
polymerase (Biotech International, Western Australia). The reactions 
were perfomed as follows: initial denaturation at 95 C for 2 min 
and then 40 cycles of denaturation at 95 C for 10 sec, annealing at 
55 C for 20 sec, and elongation at 72 C for 20 sec. SYBR Green 
fluorescence was quantified at the end of each elongation step. The 
relative quantification of mitochondrial copy number was performed 
with the 2-AACt method. Mitochondrial copy number in the control 
group was arbitrarily set at 1. Three separate experiments were 
performed, with each experiment containing three replicates. 



Membrane potential assay 

To measure mitochondrial A(pj.n , denuded Mil oocytes were washed 
three times with PBS and incubated in culture medium containing 
5,5',6,6'-Tetrachloro-l,r,3,3'-tetraethyl-imidacarbocyanine iodide 
(JC-1) (Invitrogen) at a concentration of 1 mM/1 at 37C in 5% 
CO2 for 30 min. Membrane potential was calculated as a ratio of 
the red florescence, which corresponded to activated mitochondria 
(J-aggregates), to the green fluorescence, which corresponded to 
less-activated mitochondria (J-monomers)[16] . Fluorescence was 
visualized with a Zeiss inverted confocal microscope equipped with 
a 40 X oil immersion objective (Zeiss, Jena, Germany). Images were 
processed with ZEN software (Zen Software, Manchester, UK). 
The fluorescence intensity in the control group was arbitrarily set 
at 1 , and the fluorescence intensity in the treatment groups was then 
measured. Three separate experiments were perfomed, with each 
experiment containing from 10 to 15 oocytes. 

ATP content assay 

The ATP content of 20 completely denuded mature oocytes was 
measured using a commercial assay (Invitrogen). Briefly, samples 
were washed three times with PBS and then transferred individually 
into 1 ml tubes on ice. Media were removed, and oocytes were then 
frozen and thawed to lyse them. Approximately 100 ]\.\ of ice-cold 
somatic cell reagent (FL-SAR) was added to each tube, and samples 
were incubated in an ice-water bath for 5 min. Thereafter, 100 )il of 
ice-cold assay buffer (diluted 1:25 with ATP assay buffer, FL-AAB) 
was added, and the tubes were maintained at room temperature for 
5 min under limited light conditions. The ATP concentration was 
measured using a luminometer (Berthold, Wildbad, Gemiany) with a 
sensitivity of 0.01 pmol. The ATP concentration in the control group 
was arbitrarily set at 1 . Three separate experiments were perfomed, 
with each experiment containing three replicates. 

Real-time RT-PCR 

Extraction of mRNA and cDNA synthesis were performed as 
previously described [22]. Briefly, mRNA was extracted from 20 
oocytes with a Dynabeads mRNA Direct Kit (Dynal Biotech ASA, 
Oslo, Norway), followed by routine cDNA synthesis by reverse 
transcription of RNA using an oligo (dT)i2_i8 primer and Superscript 
Reverse Transcriptase (Invitrogen, Grand Island, NY, USA) according 
to the manufacturer's instructions. 

Real-time RT-PCR or RT-PCR was performed using the four 
primer pairs hsted in Table 1 . Real-time RT-PCR was perfomed in 
a Bio-Rad PCR machine (Bio-Rad, Hercules, CA, USA). Relative 
gene expression was analyzed using the 2-AACt method [23] . Gapdh 
mRNA was used as an intemal control. Three independent experiments 
were perfomed, with each experiment containing triplicate samples. 

PAT Assay: analysis ofpoly(A) tail lengths by PCR 

To detemine the poly(A) tail length of maternal transcripts, a PAT 
assay was perfomed as described previously [24]. In principle, the PAT 
assay is similar to the 3 '-Rapid Amplification of cDNA Ends (RACE) 
method. Briefly, poly(A) RNAs from pools containing 10 denuded in 
vitro matured porcine oocytes were isolated and reverse transcribed 
with an oligo(dT)i2 primer (5 '-GCGAGCTCCGCGGCCGCGT|2-3 ') 
[25]. Subsequent PCR was perfomed using oligo(dT) and gene- 
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Table 1. List of porcine primers used for real-time RT-PCR 



Gene 


GenBank accession 
number 


Primer sequence (5'— 3') 


Length (bp) 


GdJ9 


AY626786 


F: GAGCTCAGGACACTGTAAGCT 
R: CTTCTCGTGGATGATGTTCTG 


272 


BmplS 


NM_001005155 


F: CCCTCGGGTACTACACTATG 
R: GGCTGGGCAATCATATCCT 


192 


Cyclin Bl 


L48205 


F: GCTCCAGTGCTCTGCTTCTC 

R: ACAAACTTTATTAAAAGTAAATAAGTG 


177 


C-mos 


NMOOl 113219 


F: TGGGAAGAAACTGGAGGACA 
R: TTCGGGTCAGCCCAGTTCA 


121 


Gapdh 


AFO 17079 


F: GGGCATGAACCATGAGAAGT 
R: AAGCAGGGATGATGTTCTGG 


230 


Cdc2 


AB495208 


F: TGGGCACTCCCAATAATGAA 
R: TCCAAGCCATTTTCATCCAA 


133 



specific upstream primers (GSP) corresponding to maternal transcripts 
(Table 1). The reactions were performed as follows: 8 min at 94 C, 
followed by 33 cycles of 30 sec at 93 C, 1 min at 59 C, and 50 sec at 
72 C. A final extension of 5 min at 72 C was included at the end of 
the PGR run. PGR products were electrophoresed on a 3% agarose 
gel and stained with ethidium bromide. Differences in poly(A) tail 
length were observed as smears of different lengths. Since a gene 
may express many mRNA isoforms that vary in 3 '-untranslated 
region (UTR) length, the PAT product may appear as several main 
bands and smears. Bands represented lengths that were in between 
that of the GSP and the poly(A) tail. 

p^4cdc2 fo-jjjjgg activity assay 

p24cdc2 jjiuagg activity was quantified with a Mesacup cdc2 Kinase 
Assay Kit (MBL, Nagoya, Japan) according to Shoujo et al. [26]. With 
this method, the correlation coefficient between p34'^'*'^-^ kinase activity 
(as determined by the cdc2 kinase assay) and histone H 1 kinase activity 
(as measured by radioactive detection) can be as high as 0.9961 . 

Briefly, 5 |il of oocyte extract (containing 20 oocytes) was mixed 
with 45 111 of kinase assay buffer [25 mM HEPES pH 7.5 at 25 G con- 
taining 10 mM MgGl2, 10% MV peptide solution (SLYSSPGGAYG; 
MBL, w/v), and 0. 1 mM ATP] . The mixture was incubated for 30 min 
at 30 G. The reaction was terminated with 200 \i\ PBS containing 50 
mM EGTA. Phosphorylation of the MV peptide (Dynal Biotech ASA, 
Oslo, Norway) was detected by ELISA. The optical density (O.D.) 
of p34'^'''^- kinase activity in the control group was arbitrarily set at 
1 , and the p34'^'''^- kinase activity was then quantified in the FGGP 
or ddG treatment groups. This experiment was repeated three times. 

Western blot analysis 

Western blot analysis was performed as described previously [24]. 
Briefly, 200 pig oocytes or embryos were thawed at room temperature 
and added to 20 ^l 1 SDS Sample Buffer [62.5 mM Tris-HGl pH 
6.8 at 25 G containing 2% SDS (w/v), 10% glycerol (v/v), 50 mM 
DTT, and 0.01% bromophenol blue or phenol red (w/v)]. Samples 
were then heated at 95 G for 5 min. Total proteins were subsequently 
separated by electrophoresis in a Griterion Precast Gel (Bio-Rad) 
for 2 h at 100 V, followed by transfer to a PVDF membrane (iBlot 
Gel Transfer Stacks, Invitrogen). After blocking with 5% skim milk 



(w/v) in PBS for 1 h, the membrane was incubated with a primary 
anti-phospho-p44/42 MAPK antibody (Gell Signaling Technology, 
Danvers, MA, USA) diluted 1:1,000 in blocking solution [1 x TBS 
pH 7.4 at 25 G containing 0.1% Tween-20 (v/v) and 5% nonfat dry 
milk (w/v)] for 1 .5 h at room temperature. After washing three times 
in Tris-buffered saline with Tween-20 [TBST, 20 mM Tris-HGl pH 
7.5 at 25 G containing 250 mM NaGl, and 0. 1% Tween-20 (v/v)], the 
membrane was incubated for 1 h with a 1 :2,000-diluted HRP-linked 
anti-rabbit IgG secondary antibody (Gell Signaling Technology) in 
blocking solution at room temperature. Immunoreactive bands were 
visualized with chemiluminescence luminol reagent (Invitrogen) after 
three 10 min washes with TBST. Protein bands were analyzed, and 
the integrated O.D. of each band was determined with the Image-Pro 
Plus software (version 6.0, Media Gybemetics, Springfield, IL, USA). 

TUNEL assay 

Parthenogenetically activated embryos were fixed and permea- 
bilized with 0.3% Triton X-100 (v/v) at room temperature for 1 h. 
After washing twice with PBS/polyvinyl alcohol (PVA), embryos 
were incubated with fluorescein-conjugated dUTP and terminal 
deoxynucleotidyl transferase enzyme (In Situ Gell Death Detection 
Kit, Roche, Mannheim, Gemany) at 37 G for 1 h under light protected 
conditions. After counterstaining with Hoechst 33342 (40 |ig/ml) 
and RNase A (4 |ig/ml) at 37 G for 1 h to label nuclei, embryos were 
washed with PBS/PVA and mounted. Fluorescence was visualized 
by confocal microscopy. Excitation and emission wavelengths for 
Hoechst 33342 were 543 nm and 585 nm, respectively; for TUNEL, 
the wavelengths were 488 and 515 nm, respectively. This experiment 
was performed at least three times. Three separate experiments were 
performed, with each experiment containing from 10 to 15 blastocysts. 

To determine total cell number, blastocysts were fixed in 4% 
paraformaldehyde (w/v), stained with Hoechst 33342 (4 |ig/ml) 
for 5 min, and imaged by fluorescence microscopy (Eclipse Ti-U, 
Nikon, Tokyo, Japan). 

Statistical analysis 

Data are representative of at least three independent experiments. 
The general linear models (GLM) procedure in the SAS program 
(SAS Institute, Gary, NG, USA) was used for data analysis. Significant 
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differences were determined by Tukey's multiple range test, and P 
< 0.05 was considered significant. 

Results 

Effects ofFCCP and ddC on mitochondrial membrane 
potential 

Mitochondrial Acp^ was determined in FCCP-treated (200 and 
2000 nM) and ddC-treated (200 and 2000 jiM) oocytes by JC-1 
staining. Both 200 and 2000 nM FCCP significantly reduced (P < 
0.05) the mitochondrial compared with the control. However, 
ddC did not affect the mitochondrial Acpj,, (Fig. 1 A, B). 

Effects ofFCCP and ddC on mitochondrial copy number 

To determine if FCCP and ddC affect mitochondrial copy number, 
we treated immature porcine oocytes with different concentrations of 
these inhibitors. There was no significant difference in mtDNA copy 
number after treatment with FCCP (200 and 2000 nM) compared 
with untreated ooc5'tes (Fig. IC), illustrating that FCCP does not 
affect mtDNA transcription. However, the mtDNA copy number 
decreased in Mil oocytes treated with ddC (20, 200 and 2000 nM, 
P < 0.05) compared with the control group (Fig. IC). 

Effects ofFCCP and ddC on the concentration of ATP 

To determine whether mitochondrial content and A(p^ affect 
mitochondrial ATP synthesis, we quantified the concentration of ATP 
in oocytes after inhibition of these two parameters by ddC and FCCP. 
There was no difference in ATP content in oocytes treated with ddC 
(200 and 2000 ^M) (Fig. ID) or FCCP (200 nM) compared with 
untreated oocytes. By contrast, the concentration of ATP decreased 
significantly in oocytes treated with FCCP (2000 |xM, P < 0.05) 
compared with the control group. These results illustrate that a high 
concentration of FCCP inhibited mitochondrial Acpm, resulting in 
the reduction of ATP synthesis. 

Effects ofFCCP and ddC on oocyte maturation 

To investigate the effects ofFCCP and ddC on the resumption of 
oocyte meiosis, COCs were cultured in FVM medium supplemented 
with increasing concentrations of FCCP (20, 200, or 2000 nM) or 
ddC (20, 200, 500, 1000, or 2000 |iM). The percentage of oocytes 
that reached the Mil stage was significantly lower (P < 0.05) in the 
presence of 200 and 2000 nM FCCP compared with the control group 
(58.9 ± 6.2% and 32.5 ± 4.5% vs. 82.5 ± 6.5% for 200 and 2000 nM 
FCCP V.S. control, respectively. Fig. 2). ddC at all concentrations did 
not affect extrusion of the first polar body. 

Effects ofFCCP and ddC on maternal mRNA expression and 
poly(A) tail length 

We examined the mRNA expression of several putative maternally 
expressed genes and analyzed the poly(A) tail length after FCCP and 
ddC treatment. While the mRNA expression of 5m/)75 was decreased 
significantly by FCCP, it did not affect the mRNA expression of Gdf9, 
Cyclin Bl, C-mos and Cdc2 in Mil oocytes (Fig. 3A). However, 
there were no changes in the mRNA expression of BmplS, Gdf9, 
Cyclin Bl, and C-mos in Mil oocytes treated with ddC. In addition, 
FCCP also shortened the poly(A) tails of BmplS. Cyclin B, and GdfV 



compared with the control group (Fig. 3B). ddC also shortened the 
poly(A) tail of Gdf9. The length of the poly(A) tail of Cdc2 was 
unaffected by both FCCP and ddC. 

Effects ofFCCP and ddC on p3¥'''^^ kinase activity 

We also quantified p34'^'''^^ kinase activity in FCCP- and ddC-treated 
Mil oocytes. There was no change in p34'^'''^^ kinase activity in Mil 
oocytes treated with ddC compared with the control group. However, 
FCCP (200 and 2000 nM) significantly reduced p34'='''=2 kinase 
activity in Mil oocytes compared with untreated oocytes (Fig. 4A). 

Effects ofFCCP and ddC on MAPK phosphorylation 

Oocytes were incubated in the presence of different concentrations 
of FCCP and ddC for 44 h, and MAPK phosphorylation in Mil 
oocytes was assessed by Western blot analysis. FCCP and ddC 
did not affect the relative levels of p-ERK44 and p-ERK42 in Mil 
oocytes (Fig. 4B). 

Effects ofFCCP and ddC on parthenotes development, cell 
number, and apoptosis 

The effects ofFCCP and ddC on the developmental competence of 
oocytes was investigated. Following the in vitro maturation of oocytes 
in the presence ofFCCP (200 or 2000 nM) or ddC (200 or 2000 ^M), 
all Mil oocytes were artificially activated and subsequently cultured 
for 7 days. The percentage of blastocysts and the total number of 
cells in blastocysts were detemiined on day 7. While FCCP and ddC 
did not affect parthenote cleavage (Fig. 5 A), both inhibitors reduced 
the blastocyst rate compared with the control group (25.9 ± 3.6% 
for 200 nM FCCP, 18.9 ± 2. 1% for 2000 nM FCCP, 23.5 ± 3.9% for 
200 nM ddC, and 24.6 ± 3.2% for 2000 ^iM ddC vs. 36.6 ± 4.4% for 
the control. Fig. 5B). There was no significant difference in total cell 
number and apoptosis in blastocysts from all groups (Fig. 5C, D). 

Discussion 

In the present study, two inhibitors, namely FCCP (an uncoupler 
of OXPHOS) and ddC (a nucleoside analogue), were used to inhibit 
mitochondrial activity and replication, respectively. While FCCP 
(2000 nM) significantly reduced membrane potential and first polar 
body extrusion, ddC reduced mitochondrial copy number but failed 
to affect first polar body extrusion. These results are consistent 
with a previous study that reported FCCP (10 and 100 nM) reduces 
the rate of oocyte maturation in the mouse and that ddC (10 and 
100 |xM) has no effects on first polar body extrusion in vitro [16]. 
Other studies suggest that certain developmental events in oocytes 
and preimplantation stage embryos may be spatially regulated by 
the magnitude of mitochondrial A(p^ [10, 27]. Moreover, a further 
disruption of mitochondrial function with FCCP delays microtubule 
fomiation due to ATP deficiency [28] . Collectively, meiotic maturation 
processes such as polar body extrusion and maintenance of metaphase 
stages in mammals need proper ATP supply by mitochondrial Acpj,,, 
but little related to mitochondria copy numbers. 

Oocyte maturation is mainly controlled by the activity of MAPK and 
maturation promoting factor (MPF). To understand the involvement 
of mitochondria on pig oocyte maturation, MAPK and MPF activity 
was quantified in mature oocytes in the presence ofFCCP and ddC. 
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F-200nM F-2000nM D-200liM D-2000nM 
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Ctrl F-200nM F-2000nM D-20nM D - 200 nM D • 2000 nM Ctrl F - 200 nM F-2000nM D - 200 liM D-2000nM 



Fig. 1. Mitochondrial membrane potential (A, B), relative mtDNA copy number (C), and relative ATP content (D) in FCCP- or ddC- 
treated Mil oocytes. Membrane potential was calculated as a ratio of the red florescence, which corresponded to activated 
mitochondria (J-aggregates) (A), to the green fluorescence, which corresponded to less-activated mitochondria (J-monomers, 
data not shown). Data corresponding to the control was arbitrarily set at 1. Ctrl, control; F, FCCP; D, ddC. Values represent means 
± SEM from at least three separate experiments. *, P < 0.05, compared with the control. 




Ctrl F-20nM F-200nM F-2000 nM D 20 nM D-200iiM D - 500 D 1000 nM D 2000 nM 



Fig. 2. Percentage of maturation in FCCP- or ddC-treated Mil oocytes. The number of oocytes 
examined in each treatment group is shown in parentheses. Ctrl, control; F, FCCP; D, ddC. 
Values represent means ± SEM from at least five separate experiments. *P < 0.05 compared 
with the control, **P < 0.01 compared with the control. 
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Fig. 3. Relative mRNA expression of maternal genes (Bmpl5, Gdf9, cyclin Bl, and c-mos) (A) 
and poly(A) tail length (B) in FCCP- or ddC-treated Mil oocytes. Porcine Gapdh mRNA 
expression was used as an internal control, and the control group was set at 1 . Ctrl, control; 
F, FCCP; D, ddC. Lane 1, control; lanes 2 and 3, oocytes treated with 200 or 2000 nM FCCP, 
respectively; lanes 4 and 5, oocytes treated with 200 or 2000 yM ddC, respectively. Arrows 
point to the initial length of the poly(A) tail. Values represent means ± SEM from three 
separate experiments. *P < 0.05, compared with the control. 



While FCCP and ddC did not affect MAPK activity in mature oocytes, 
FCCP decreased MPF activity. It is unclear that why declined ATP 
only affect the activity of MPF, but not activity of MAPK. MPF 
is a complex comprised of a catalytic unit, Cdc2/CDKl , and a 
regulatory unit, Cyclin B. The activity of MPF is regulated by the 
phosphorylation of Cyclin B. ATP is also required for the activation 
of MPF because ATP is needed for phosphorylation of Cyclin B and 
Cyclin-dependent kinase 1 (CDKl) [29], During oocyte maturation, 
MAPK is activated from germinal vesicle breakdown until Mil [30]. 
Since MAPK activity is regulated by external signals such as FSH 
and estrogen, it might be less sensitive to cytoplasmic ATP. 

In the present study, we evaluated whether irutochondrial replication 
and activity affect inaternal gene expression and poly(A) tail length. 
Cyclin Bl, C-mos, Cdc2, BmplS, and GdJV were the maternal genes 
selected, and their polyadenylation statuses were investigated. FCCP 
and ddC did not change the mRNA expression of Cyclin Bl and 
C-mos, but the poly(A) tail of Cyclin Bl was shortened by FCCP 
treatment. These results suggest that mitochondrial production of 
ATP may involve maternal mRNA stability via the maintenance 
of poly(A) tail length. Spikings et al. [31] also reported that ATP 
was essential for both cleavage and polyadenylation for mRNA. 
C8-modified ATP analogues coupled with the decline in cellular 
ATP potential inhibite the polyadenylation. [32]. BmplS and Cdf9 



are important for oocyte maturation and fertility. In the present study, 
FCCP significantly reduced the mRNA expression of BmplS in Mil 
oocytes. Oocyte maturation in vitro is achieved by the distribution 
of active mitochondria and by cumulus cell expansion. It is widely 
reported that mammalian cumulus cell expansion requires BmplS and 
Gdf?. In the present study, FCCP significantly reduced the mRNA 
expression of BmplS in Mil oocytes. mRNA stability was related 
to the length of the poly(A) tail. Cytoplasinic polyadenylation and 
nuclear polyadenylation are two important roles in protecting mRNAs 
from degradation and in stimulating the translation of mRNAs [33]. 
The results of the poly(A) tail assay confirmed that FCCP treatment 
shortened the poly(A) tail length of BmplS, which may cause mRNA 
instability and induce degradation and low expression. 

While ATP activity is required for normal inaternal gene expression, 
additional research is needed to determine which ATP-dependent 
signaling pathways are involved. 

Reduction of the mitochondrial Atp^, ATP concentration or 
mtDNA copy did not affect the ability of oocytes to undergo the 
first cleavage step. However, a lower rate of blastocyst formation 
was observed in oocytes treated with FCCP or ddC. Spikings et al. 
[34] demonstrated that mtDNA degradation may accompany the 
early stages of embryonic development, because a marked decline 
in mtDNA copy number occurred during cleavage (a 96% decrease 
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Fig. 4. Relative p34''''^ kinase (A), p-ERKl/2 activity (B) and relative density of p-ERKl/2 activity (C) in FCCP- or ddC-treated 
Mil oocytes. The upper panel in (B) is an immunoblot showing the levels of p-ERKl and p-ERK2. The lower panel in (B) is a 
histogram summarizing immunoblotting results. Ctrl, control; F, FCCP; D, ddC, p, phospho. Values represent means ± SEM from 
three separate experiments. *P < 0.05, compared with the control. 
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Fig. S. Effects of FCCP and ddC on the developmental competence of oocytes. Percentage of cleavage (A), blastocyst formation (B), 
total cell number (C), and apoptosis (D) in blastocysts. Ctrl, control; F, FCCP; D, ddC. The number of oocytes examined in each 
treatment group is shown in parentheses. Values represent means ± SEM from at least four separate experiments. *P < 0.05, 
compared with the control. 



between the 2- and 8-cell stages). This is consistent with previous 
findings in which mitochondrial dysfunction in mouse [35] and 
porcine [36] oocytes had a negative effect on blastocyst formation. 

Mitochondrial A(p„, is a critical factor for the establishment of 
oocyte and embryo competence [10, 37, 38]. Sequential analysis 
of individual oocytes and embryos indicates that mitochondria 
with a high Acpm remain spatially stable during oocyte maturation, 



fertihzation, and initial cleavage [39]. It is likely that FCCP slows 
the rate of early embryo development. Similarly, ddC treatment 
decreased mtDNA copy number, resulting in a reduction in blastocyst 
formation. These results are in agreement with studies by several 
research groups [16,34, 40] and Ge et al. , who showed low mtDNA 
copy numbers affect mitochondrial activity and disrupt the balance 
between nuclear and mitochondrial genomes. 
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Taken together, we investigated the association of mitochondrial 
potential and copy number with pig oocyte maturation and develop- 
mental potential in vitro. Our findings suggested that mitochondrial 
membrane potential, an important regulator of ATP production, is 
critical for pig oocyte maturation, quality, and subsequent partheno- 
genetically activated embryo development. Furthennore, the negative 
effects of lower mitochondrial copy number are mainly restricted 
to parthenotes developmental potential in pigs. The present study 
highlights the need to further elucidate the function of mitochondria 
in early embryo development. 
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